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Reducing microglial lipid load enhances § amyloid
phagocytosis in an Alzheimer’s disease mouse model
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Macrophages accumulate lipid droplets (LDs) under stress and inflammatory conditions. Despite the presence of
LD-loaded macrophages in many tissues, including the brain, their contribution to neurodegenerative disorders
remains elusive. This study investigated the role of lipid metabolism in Alzheimer’s disease (AD) by assessing the
contribution of LD-loaded brain macrophages, including microglia and border-associated macrophages (BAMs),
in an AD mouse model. Particularly, BAMs and activated CD11c* microglia localized near § amyloid (Ap) plaques
exhibited a pronounced lipid-associated gene signature and a high LD load. Having observed that elevated intra-
cellular LD content correlated inversely with microglial phagocytic activities, we subsequently inhibited LD forma-
tion specifically in CX3CR1* brain macrophages using an inducible APP-KI/Fit2"AMe transgenic mouse model. We
demonstrated that reducing LD content in microglia and CX3CR1* BAMs remarkably improved their phagocytic
ability. Furthermore, lowering microglial LDs consistently enhanced their efferocytosis capacities and notably re-
duced Ap deposition in the brain parenchyma. Therefore, mitigating LD accumulation in brain macrophages pro-

vides perspectives for AD treatment.

INTRODUCTION

Lipid droplets (LDs) are highly dynamic, lipid-rich organelles, which
are present in all cell types (I). Having long been viewed as inert, sim-
ple cytoplasmic storage sites for excess lipids, LDs are now recognized
as specialized organelles, which fundamentally affect energy and lipid
homeostasis (1). White adipose tissue constitutes the largest energy
reservoir in the human body. This energy is stored in adipocyte LDs in
the form of triacylglycerols, which are rapidly released as free fatty
acids in times of energy demand (2). LDs are also present in immune
cells, in particular macrophages, where they supply energy for the for-
mation and maturation of phagosomes (3). LD accumulation in mac-
rophages is associated with several inflammatory conditions (e.g.,
atherosclerosis) (4, 5), infectious diseases (e.g., mycobacterial infec-
tions) (6, 7), and cancer (8, 9). LDs can also be found in macrophages
residing in lipid-rich environments such as adipose tissue (10) and the
brain (11). A subpopulation of adipose tissue macrophages expresses
specific receptors and enzymes that permit efficient lipid uptake and
buffering; these features enable the macrophages to progressively
form LDs that aid lipid accumulation during adiposity (10). These
lipid-associated macrophages potentially play an essential function in
controlling tissue-level lipid homeostasis (12). Lipid-droplet accumu-
lating microglia (LDAM) have been identified in aged brains of mice
and classified as dysfunctional cells as they exhibit defective phago-
cytic activity and show increased production of pro-inflammatory
cytokines and reactive oxygen species (ROS) (11) where they contrib-
ute to an impaired response of stroke (13). A recent study has defined
the distinct stages of murine microglial activation in neurodegenera-
tive diseases such as Alzheimer’s disease (AD). The microglia ex-
pressed diverse genes associated with lipid homeostasis and LD
accumulation, including apolipoprotein E (Apoe), lipoprotein lipase
(Lpl), and triggering receptor expressed on myeloid cells 2 (Trem2)
(14). One of the hallmarks of AD is the accumulation of § amyloid
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(AP) plaques in the brain. Microglia form a protective barrier around
these AP plaques to safeguard the brain from their neurotoxic effects
(15, 16). However, perturbations in microglial activity, often associat-
ed with aging, can affect the effective clearance of these neuron-
derived AP fibrils, leading to increased plaque formation and the
progression of cognitive and behavioral impairments (17-20). The
gradual appearance of a highly metabolically active subpopulation of
CD11c¢* microglia around the plaques correlates with AD progression
(14). While this observation represents progress in understanding the
contribution of macrophages to AD pathogenesis, little is known
about whether lipid metabolism affects the function of these macro-
phages and whether these cells have a role in neurodegenerative disor-
ders. Therefore, the present study aimed to investigate the formation
of LD-loaded brain macrophages during AD progression, focusing
specifically on microglia and including distinct border-associated
macrophages (BAMs), recently recognized for their potential contri-
bution to central nervous system diseases (21-23). Furthermore, we
studied the ability of LD-loaded microglia to clear Ap and apoptotic
neurons and explore strategies to enhance macrophagic phagocytic
efficiency. For this purpose, we developed an APP-KI/Fit2"*™¥ trans-
genic mouse model that disrupts LD accumulation in CX3CR1™ brain
macrophages by targeting a fat storage—inducing transmembrane pro-
tein (FIT2), a key protein in LD biogenesis that facilitates LD forma-
tion from the endoplasmic reticulum (1). This mouse model allowed
us to investigate the impact of reduced microglial LD content on their
phagocytic activity and function in AD.

RESULTS

AD accelerates LD accumulation in brain macrophages

To investigate the lipid-storing capability of different brain macro-
phage subsets and gain more insights into the conditions triggering
LD accumulation, we isolated bulk microglia and CD206" BAMs
from 2- and 6-month-old healthy wild-type (WT) and APPN-CF
(APP-KI) mice that were fed a normal regular chow diet (ND) or a
high-fat diet (HFD) and stained them with the LD-specific dye
BODIPY (Fig. 1A and fig. S1). Calculating the percentage of LD*
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Fig. 1. AD accelerates LD accumulation in brain macrophages. (A) Schematic diagram showing the experimental design (image created with BioRender.com).
(B) Representative confocal images showing DAPI (blue) and BODIPY (green) staining of sorted microglia from 2-month-old (2m) WT and APP-KI mice fed ND, 6-month-old
(6m) WT and APP-KI mice fed ND, and 6-month-old WT and APP-KI mice fed HFD. Scale bars, 5 pm. (C and D) Bar chart (with individual values shown as dots) of the percent-
age of LD microglia and the LD area per microglia. Each dot represents the average result calculated from one slide; three to five slides were evaluated per mouse and
n =5 mice per group. (E) Representative confocal images showing DAPI (blue) and BODIPY (green) staining of sorted BAMs. Scale bars, 5 pm. (F and G) Bar chart (with
individual values shown as dots) of the percentage of LD™ macrophage and LD area per macrophage. Each dot represents the average result calculated from one slide;
three to five slides were evaluated per two to three pooled mice and n = 6 mice per group. (H) Representative images showing anti-Iba antibody (green), anti-Ap antibody
(white), LipidSpot 610 (red), and DAPI (blue) staining of the brain tissue from a 6-month-old HFD-fed APP-KI mouse. An area with a radius of <35 pm from the center of
the plaque was defined as the plaque-proximal area. Scale bars, 20 and 5 pm (zoom-in). (I) Quantification of LD* microglia inside and outside the plaque-proximal area.
(J) Representative confocal images showing CD206 (green), LipidSpot 610 (red), and DAPI (blue) staining of the brain border structures (dura mater and subdural menin-
ges) from a 6-month-old HFD-fed APP-KI mouse. Scale bars, 10 and 2 pm (zoom-in). Samples were analyzed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001;
###%P < 0.0001. For clarity, nonsignificant values are not shown.
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microglia and the LD area within each cell revealed an age-related
increase in LD accumulation (Fig. 1B). Specifically, the proportion
of LD microglia significantly increased from 5% (at 2 months) to
35% (at 6 months) in WT mice and from about 10% (2 months) to
50% (at 6 months) in age-matched APP-KI mice (Fig. 1C). Notably,
HED slightly exacerbated the age-related increase in LD accumula-
tion, particularly in the APP-KI mice, as the LD* microglial fre-
quency reached 60% at 6 months in these animals (Fig. 1C and fig.
S2). Similarly, the LD area within the microglia increased signifi-
cantly with age, particularly in the AD model mice (Fig. 1D and fig.
S2). These results indicate that microglia accumulate LDs over time
and during AD progression, especially under HFD conditions. LDs
were also detected inside CD206" BAMs (Fig. 1E). The percentage
of LD* BAMs and the LD area significantly increased by 6 months
of age in both WT and APP-KI groups (Fig. 1, F and G, and fig. S2).

Immunofluorescence staining of diseased murine brain sections
revealed the spatial distribution of LD* microglia in situ. Costaining
for IBA™ microglia and LDs (with an anti-IBA antibody and LipidSpot
610, respectively) revealed increased LD accumulation in the
microglia surrounding AP plaques (Fig. 1H). Approximately 65% of
LDAM were localized near the AP plaques (Fig. 1I), emphasizing a
spatial association between the LDs and Ap plaques in the AD brain.
Notably, LDs were also detected within CD206" BAMs of the dura
mater and subdural meninges (Fig. 1J).
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To further investigate the difference in lipid metabolites within
the microglia obtained from WT and AD brains, we isolated and
sorted microglia from 6-month-old WT and age-matched APP-KI
mice. Three independent microglia samples in each group of mice
were then subjected to lipidomic analysis (Fig. 2A). Principal com-
ponent analysis (PCA) revealed the distinct lipid profiles of the mi-
croglia in each group, implying that the lipid composition of these
subsets was altered during disease progression (Fig. 2B). The levels
of glycerolipids increased markedly in the microglia of APP-KI mice
(Fig. 2C). Specifically, the primary up-regulated lipid metabolites
were triglycerides (TGs) and cholesterol esters (CEs) (Fig. 2D), the
main components of LDs. This observation highlights a profound
remodeling of microglial lipid composition during AD progression,
with enrichment in TGs and CEs.

Pronounced lipid-associated signature in CD11c" microglia
and CD206" BAMs

We next examined microglia and CD206" BAMs isolated from
6-month-old WT and AD murine brains using single-cell RNA se-
quencing (scRNA-seq) to characterize the specific transcriptional
signatures of these heterogeneous brain-resident macrophage sub-
populations (Fig. 3A). Unsupervised clustering using the uni-
form manifold approximation and projection (UMAP) method
revealed 10 discrete microglial clusters, each representing a unique
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Fig. 2. Lipidomic signature shift in microglia from APP-KI mice. (A) Schematic diagram showing the experimental design (image created with BioRender.com). (B) 2D
PCA plots depicting distinct lipid metabolite profiles of microglia isolated from 6-month-old HFD-fed WT and APP-KI mice. For each data point, sorted microglia (2 x 10°
cells) were obtained from a pool of two to three mouse brains. (C) Bar chart showing the percentages of distinct lipid categories detected in microglia isolated from WT
and APP-KI mice. Lipid categories were classified according to the LIPID MAPS Structure Database (www.lipidmaps.org/databases/Imsd/browse). FA, fatty acyl; DG, diglyc-
eride; MG, monoglyceride; Cer, ceramide; HexCer, hexosylceramide; SM, sphingomyelin; LPC, lysophosphatidylcholine; PA, phosphatidic acid; PC, phosphatidylcholine; PI,
phosphatidylinositol; PS, phosphatidylserine. (D) Hierarchical clustering heatmap revealing major alterations in lipid metabolites in microglia from WT and APP-KI mice.
Samples were analyzed by two-way ANOVA. *P < 0.05; **P < 0.01. For clarity, nonsignificant values are not shown.
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Fig. 3. scRNA-seq reveals a pronounced lipid signature in the CD11c-expressing microglia. (A) Schematic diagram showing the experimental design (image created
with BioRender.com). Parenchyma and brain borders were processed separately, and obtained microglia and BAMs were sorted and pooled in a ratio of 9 to 1. For each
experimental group, sorted microglia and BAMs were obtained from a pool of three mouse brains. (B) UMAP plot showing all single-cell data obtained from 6-month-old
HFD-fed WT and APP-KI mice that passed quality control. HM1-3, homeostatic microglia 1-3; ARM (Itgaxhi), activated-response microglia; TRM, transiting-response microg-
lia; IRM, interferon-response microglia; Nlrp3hi, Nlrp3hi microglia; Gpr84hi, Gpr84hi microglia; Tnfhi, Tnf" microglia; Trem2"9, Trem2-negative microglia. (C) Percentage of
each cell cluster identified in the WT and APP-KI groups of mice. (D) UMAP plots displaying the average expression levels of the top 30 genes expressed by the foam cell
cluster identified in (5) in WT and APP-KI mice. (E) Violin plots showing the expression levels of genes related to lipid metabolism in each cluster. (F) Representative confo-
cal images showing DAPI (blue) and BODIPY (green) staining of sorted CD11c" and CD11c¢™ microglia from 6-month-old HFD-fed APP-KI mice. Scale bars, 2 pm. (G) Bar
chart (with individual values shown as dots) of the LD areas of CD11c™ microglia and CD11c* microglia. Each dot represents the average result calculated from one slide;
three to five slides were evaluated per mouse with n = 3 mice per group. Samples were analyzed by Student’s t test. **P < 0.01.

microglial state, and 3 distinct clusters of CD206" BAMs, with
various major histocompatibility complex II (MHCII) expression
levels (Fig. 3B). The results showed that AD progression was as-
sociated with the expansion of distinct clusters of reactive microg-
lia, such as activated response CD11c* microglia (ARM), Nlrp3™*
inflammasome-related microglia, and Tnf" microglia (Fig. 3C); of
these, the CD11c™ ARM cluster was the most abundant in the
brains of AD model mice.

Wu et al., Sci. Adv. 11, eadq6038 (2025) 5 February 2025

Having observed the presence of LDAM in the mouse AD brain,
we next sought to determine whether certain microglial clusters had
similar transcriptome profiles to foam cells, the well-characterized,
lipid-rich macrophages found near the atherosclerotic plaques (a hall-
mark of cardiovascular disease). To this end, we analyzed the expres-
sion of the top 30 genes recently shown to be enriched in the foam cells
of mice with atherosclerosis (5). The results revealed enrichment in
foam cell-associated genes implicated in lipid metabolism, including
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Plin2, Apoe, Trem2, Lpl, and Cd9, within the CD11ct ARM cluster
(Fig. 3, D and E). To validate these results, we sorted CD11c* microglia
and CD11c™ microglia and performed BODIPY staining to compare
LD levels using confocal microscopy. Our analysis revealed a higher
accumulation of neutral lipids within the CD11c" fraction than their
CD11c” counterparts (Fig. 3, F and G). Notably, CD206" BAM:s also
exhibited expression of key genes associated with lipid metabolism
(e.g., Plin2, Apoe, Trem2, and Cd36) (Fig. 3E), further suggesting their
role in lipid storage and metabolism.

Loss of FIT2 reduces the LD load in microglia and

CX3CR1* BAMs

Many studies have demonstrated a phagocytosis defect associated
with LD accumulation in microglia (11, 13). We observed a similar
inverse correlation between LD content and phagocytic activity
when comparing microglia isolated from age-matched WT and
APP-KI mice (fig. S3, A to F). Hence, we next sought to explore
whether inhibiting LD formation in microglia could restore their
phagocytic function. FIT2, a ubiquitously expressed protein, plays a
key role in LD biogenesis by facilitating LD formation from the en-
doplasmic reticulum (I). We observed increased Fit2 mRNA ex-
pression in microglia isolated from the brains of AD versus healthy
mice (fig. S4A). Given the high expression of CX3CR1 in microglia
and BAMs (fig. S4B), we next crossed the Cx3cr1 B2 mouse
strain with the Fit2™" mouse strain (24) to generate an inducible
Fit2"*® mouse strain. This mouse strain was characterized by FIT2
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depletion specifically in the CX3CR1" macrophages. To study the
role of LDAM in the context of AD, we also crossed the Fit2'4"®
strain with the APP-KI strain. To induce FIT2 depletion, the mice
in the experimental group were administered 4 mg of tamoxifen
(TAM) per day for four consecutive days at 2 months of age, while
the control group remained TAM free (Fig. 4A). We observed a sub-
stantial depletion in microglial Fit2 expression at both the genomic
and mRNA levels after TAM administration to APP-KI/Fit2'4"®
mice (fig. S4, C and D), which was not observed in TAM-injected
control Fit2""™" Cx3cr1““F*T2APP-KI mice (fig. $4C). Other en-
zymes involved in lipid biogenesis (e.g., Lpinl, DGATI, and
DGAT?2) were not altered after CX3CR1-mediated FIT2 depletion
(fig. S4E). This setup enabled us to investigate the impact of reduced
FIT2 expression on LD formation and, consequently, microglial
function in the context of AD.

To determine whether FIT2 deficiency affected the ability of mi-
croglia to accumulate LDs, we isolated cells from 6-month-old
TAM-treated and untreated APP-KI/Fit2"*® mice and subjected
them to BODIPY staining (Fig. 4A). Notably, the FIT2-depleted mi-
croglia of the TAM-treated mice had significantly lower LDs levels
than the WT counterparts. The LD area in microglia decreased by
~30% in the absence of FIT2 (Fig. 4, B and C). No LD differences
were found in microglia isolated from TAM-treated control Fit2""""
Cx3cr1““FRT2 APP_KI mice, which excluded any TAM-related inter-
ference (fig. S5). We also stained brain tissues from 6-month-old
TAM-treated and untreated APP-KI/Fit2"*™® mice with LipidSpot
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Fig. 4. FIT2-deficient microglia and CD206* BAMs accumulate fewer LDs. (A) Schematic layout showing the experimental design (image created with BioRender.com).
(B) Representative confocal images of bulk microglia isolated from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2“"® mice stained with BODIPY (green)
and DAPI (blue). Scale bars, 5 pm. (C) Quantification of the LD area in microglia from TAM-treated and untreated APP-KI/Fit2"®M® mice. Each dot represents the average
result calculated from one slide; three to five slides were evaluated per mouse with n = 4 mice per group. (D) Representative images showing DAPI (blue), anti-Iba anti-
body (red), and LipidSpot 610 (green) staining of brain tissue sections from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2**® mice. Scale bars, 10 pm.
(E) Bar charts (with individual values shown as dots) of the percentage of LD* microglia obtained from TAM-treated and untreated APP-KI/Fit2"*M® mice. Each dot represents
the average result calculated from one slide; three to five slides were evaluated per mouse with n = 5 mice per group. (F) Representative images showing CD206* BAMs
isolated from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2*M® mice, stained with DAPI (blue) and BODIPY (green). Scale bars, 5 pm. (G) Quantification of
the LD area in CD206" BAMs obtained from TAM-treated and untreated APP-KI/Fit2' " mice. Each dot represents the average result calculated from one slide; three to
five slides were evaluated from a sample of three pooled mice with n = 6 mice per group. Samples were analyzed using Student’s t test. **P < 0.01.
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610 to visualize their microglial LD content in vivo. Consistent with ~ Perturbed lipidomic and transcriptomic profiles in

the BODIPY staining results, there was a noticeable reduction in  FIT2~~ microglia

LDAM in the brain tissue of the TAM-treated versus untreated To further assess the effect of FIT2 deficiency on microglia, we
groups (Fig. 4, D and E), indicating that FIT2 deficiency in microg-  conducted a lipidomic analysis to examine the differences in lipid
lia disrupts their ability to form LDs. As most CD206" BAMs ex- metabolites between FIT2-depleted and WT microglia of APP-KI
press high levels of CX3CRI, their LD area was also reduced after ~mice. The three-dimensional (3D) PCA plot revealed clear dis-

FIT2 depletion (Fig. 4, F and G). tinctions between the lipid profiles of these two groups (Fig. 5A).
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Fig. 5. FIT2 depletion alters the lipidomic and transcriptomic profiles of microglia in the AD brain. (A) 3D PCA plot showing the distinct lipid metabolite profiles of microglia
isolated from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2*M® mice. For each data point, sorted microglia (2 x 10° cells) were obtained from a pool of two to three
mouse brains. (B) Hierarchical clustering heatmap showing major alterations in lipid metabolites in microglia from TAM-treated and untreated groups. (C) Bar chart showing
changes in the levels of different TGs among the microglia isolated from 6-month-old HFD-fed WT, APP-KI, and APP-KI FIT2™'~ mice. (D) Violin plots showing the expression levels
of lipid metabolism-related genes in CD11c* microglia isolated from TAM-treated and untreated mice. Microglia were sorted from a pool of three mouse brains for each experi-
mental group, as indicated in the figure legend. (E) Volcano plot displaying the distinct gene expression profiles of CD11c™ microglia isolated from the TAM-treated and untreated
mice. (F) Flow cytometry histograms showing the MHCIl expression levels of CD11c¢* microglia isolated from TAM-treated and untreated mice. (G) Bar chart (with individual values
shown as dots) showing the mean fluorescence intensity (MFI) of MHCII. Each dot represents a value obtained from one mouse brain and n =6 mice per group. (H) Gene set enrich-
ment analysis of lysosomal and phagosomal pathways of CD11c* microglia isolated from TAM-treated and untreated mice. Samples were analyzed using Student’s t test. P < 0.05.
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Notably, TG levels were lower in the microglia on TAM-treated
than untreated APP-KI/Fit2"*™® mice (Fig. 5B and fig. $6). Spe-
cifically, the levels of TGs that are typically abundant in the mi-
croglia of AD brains (e.g., those containing 46, 48, or 50 carbon
atoms) were reduced after TAM administration (Fig. 5C). These
findings further support the notion that FIT2 deficiency disrupts
microglial lipid metabolism.

Given the alterations in lipid metabolism revealed by LD stain-
ing and lipidomic analysis of FIT2-deficient microglia, we next
sought to understand the changes in their transcriptomic profile.
To this end, microglia and CD206" BAMs from TAM-treated
APP-KI/Fit2*™® mice were isolated and examined by scRNA-seq
alongside cells obtained from aged-matched FIT2-WT healthy and
AD mice. Given its pronounced lipid-related gene signature, the
CD11c* ARM cluster was characterized in detail. Our results
showed that FIT2 deficiency induced subtle yet significant pertur-
bations in the expression of lipid-related genes (e.g., Plin2 and
Apoe) within the CD11c* microglia (Fig. 5D). In addition, genes
associated with MHCII presentation, such as Cd74, H2-Aa, and
H2-Eb1, were markedly up-regulated in the FIT2-deficient CD11c*
microglia (Fig. 5E); this result was further validated using flow cy-
tometry (Fig. 5, F and G). Given the professional phagocytic na-
ture of microglia, we next performed gene set enrichment analysis
and found that the FIT2-depleted CD11c* microglia were slightly
enriched in the lysosomal and phagosomal pathways, indicating
that these cells had a higher phagocytic potential than their WT
counterparts (Fig. 5H). Although MHCII expression was elevated
in FIT2-deficient CD11c* microglia, quantitative polymerase
chain reaction (qQPCR) validation showed no significant difference
in the pro-inflammatory signature [e.g., interleukin-la (IL-1a),
IL-1P, and IL-6] between FIT2-deficient and WT microglia (fig.
S7). Together, these results suggest that FIT2 depletion induces a
shift in the lipidomic and transcriptomic profiles of microglia,
which may also be associated with alterations in their function.

FIT2 deficiency increases the phagocytic activity of
microglia and BAMs

To determine whether the microglial phagocytic function im-
proved after a reduction in their LD content, we next analyzed
their phagocytic capacity in vitro. Cells were isolated from the
brains of 6-month-old TAM-treated and age-matched untreated
APP-KI/Fit2*™® mice. The sorted microglia were then incubated
with either pHrodo-labeled Escherichia coli bioparticles or Alexa
Fluor 647-labeled A oligomers, and phagocytosis was evaluated
using fluorescence microscopy and flow cytometry (Fig. 6A). Mi-
croscopy revealed an increase in the percentage of E. coli* cells in
the FIT2-deficient bulk microglial population (Fig. 6, B and C);
this observation was validated by flow cytometry for both the
CD11c” and CD11c* microglial subsets (Fig. 6, D and E). Phago-
cytosis assay conducted with A oligomers showed a similar trend,
with a significant increase in AB* CD11c™ and CD11c¢* microglia
observed in the FIT2-deficient group (Fig. 6, F and G). In the case
of CD206" BAMs obtained from TAM-treated APP-KI/Fit2'*"",
only the two subsets showing the highest levels of CX3CR1 expres-
sion (i.e., CD206 "MHCII" and CD206"MHCII™,; fig. S4B) exhib-
ited superior phagocytic activity after FIT2 depletion (Fig. 6, H to
K). As a control, we also showed that the phagocytic activity of
CX3CRI1™ neutrophils was not significantly different between the
TAM-treated and untreated groups of APP-KI/Fit2"*M® mice (fig.
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S8). These in vitro findings collectively indicate that FIT2 deple-
tion promotes the phagocytic capacity of CD11c™ microglia,
CD11c" microglia, and CD206* MHCII™/™ BAMs.

Microglial FIT2 deficiency reduces Af load in the AD brain
Microglia play a crucial role in clearing A plaques in the brain dur-
ing AD progression (25, 26). Having demonstrated that FIT2 defi-
ciency increased the phagocytic activity of microglia in vitro, we next
assessed the effect of FIT2 depletion on the capacity of microglia to
phagocytose AP fibrils in vivo. To this end, mice were intraperitone-
ally injected with methoxy-XO4, a fluorescent probe capable of
crossing the blood-brain barrier to stain Ap (Fig. 7A). Microglia
were harvested at 3 hours after injection, and the proportion of
methoxy-XO4" cells was determined by flow cytometry. We ob-
served an increase in the rate of Ap uptake and phagocytosis by mi-
croglia (especially the CD11c* subset) after the FIT2-associated
reduction in LD load (Fig. 7, B and C). We continued to investigate
AP deposition in the brain tissue of TAM-treated and untreated
APP-KI/Fit2"*™® mice by performing Af immunofluorescence
staining of brain sections, focusing specifically on the cortex and
hippocampus (Fig. 7D). An anti-Ap monoclonal antibody (82E1)
and the thioflavin S (ThioS) dye were used to detect Af plaques and
fibrils in brain tissue (Fig. 7E). Analysis of several brain sections
from distinct TAM-treated and untreated mice revealed significantly
lower levels of AP plaque deposition in the hippocampus and cortex
of the FIT2-deficient versus WT groups of mice (Fig. 7, F and G). To
further investigate the impact of reduced microglial lipid load on
neuroinflammation, we collected one hemisphere from each brain to
assess inflammatory cytokine and chemokine RNA levels. Our re-
sults revealed a reduction in key pro-inflammatory molecules, in-
cluding Tnfa, 1i6, Ccl2, and Ccl4, in FIT2-deficient APP-KI mice (fig.
S7). These results suggest a correlation between microglial LD load
and AP plaque accumulation, implying that modulating the microg-
lial function could be a potential strategy for mitigating Ap patholo-
gy and neuroinflammation in AD.

FIT2 depletion increases the efferocytic activity of microglia
Microglia also contribute to the maintenance of brain homeostasis
by clearing apoptotic cells in the brain via efferocytosis (27-29).
Microglial efferocytosis relies on many features of phagocytosis
such as the ability to recognize, engulf, digest, and dispose of apop-
totic cells and other cellular waste materials (29). Having shown
that the reduction in LD content increased the phagocytic activity
of microglia, we next investigated whether it similarly affected their
efferocytic activity. To this end, Neuro 2a (N2A) cells were stained
with CellTracker CMFDA dye and treated with 1 mM H,O, for
20 hours to induce cell apoptosis. Microglia isolated from the TAM-
treated and untreated APP-KI/Fit2"*"® mice were then incubated
with the apoptotic N2A cells for 2 hours. Last, flow cytometry was
used to determine the percentage of CMFDA™ microglia as an indi-
cator of their efferocytosis activity (fig. S9A).

The results showed that although both CD11c¢™ microglia and
CD11c* microglia ingested apoptotic N2A cells, their efferocytic ca-
pacity increased after TAM treatment, indicating that FIT2 deficien-
cy promoted efferocytosis (fig. S9, B and C). These findings suggest
that the reduction in LD levels within microglia positively correlates
with their efferocytic activity, emphasizing the potential impact of
lipid metabolism on the microglial function that is critical for main-
taining brain homeostasis.
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Fig. 6. FIT2 deficiency increases the phagocytic activity of microglia and BAMs. (A) Schematic layout showing the experimental design (image created with BioRender.
com). AF647, Alexa Fluor 647. (B) Representative images showing microglia isolated from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2“M® mice
stained with LipidSpot 610 (red), DAPI (blue), and engulfment of E. coli bioparticle (green). Scale bars, 10 pm. (C) Bar chart of the percentages of E. coli* microglia in TAM-
treated and untreated APP-KI/Fit2"*® mice. Each dot represents the average result calculated from one region of interest; five to seven regions of interest were evaluated
per mouse with n = 5 mice per group. (D and E) Flow cytometry plots and bar chart displaying the percentages of E. coli* CD11c™ and CD11c* microglia isolated from
TAM-treated and untreated APP-KI/Fit2“™® mice. Each dot in the bar chart represents the result obtained from one mouse and n = 8 mice per group. (F and G) Flow cy-
tometry plots and bar chart displaying the percentages of Ap oligomer™ CD11c™ and CD11c™ microglia isolated from TAM-treated and untreated APP-KI/Fit2"*M® mice.
Each dot in the bar chart represents the result obtained from one mouse and n = 7 mice per group. (H and I) Flow cytometry plots and bar graph showing the percent-
ages of E. coli* MHCI"" BAMs and MHCII'® BAMs isolated from TAM-treated and untreated mice. Each dot represents the percentage of E. coli* cells obtained from one
mouse brain and n = 8 mice per group. (J and K) Flow cytometry plots and bar graph showing the percentages of Ap oligomer* MHCII" ™ BAMs and MHCII'® BAMs iso-
lated from TAM-treated and untreated mice. Each dot in the bar chart represents the percentage of Ap™ cells obtained from one mouse brain and n = 5 to 6 mice per group.
Samples were analyzed by Student’s t test (C) and two-way ANOVA [(E), (G), (), and (K)]. *P < 0.05; **P < 0.01. For clarity, nonsignificant values are not shown.

DISCUSSION

Numerous studies have highlighted the crucial contribution of mi-
croglia to brain homeostasis during aging and neurodegeneration
(17, 18, 28, 30). These studies have revealed the existence of diverse
microglial phenotypes and their varied activation states and func-
tions in response to age- or disease-dependent inflammation. The
present study provides insights into how LD-loaded brain macro-
phages are influenced by age, disease state, and diet. For instance, we
confirmed the findings of Marschallinger et al. by showing that
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LDAM numbers increased with age (1I). In addition, we demon-
strate that microglial LD content not only was slightly enhanced un-
der obese conditions, but was considerably accelerated during AD
development in a diet-independent manner. Specifically, we showed
that CD11c* microglia located near AB plaques in the AD brain pro-
gressively accumulated more LDs. In addition, we confirmed previ-
ous findings of elevated expression of lipid-related genes in BAMs
(31) and observed an increase in LD content within these cells over
time and during disease progression. Given that LD accumulation in
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Fig. 7. Microglial FIT2 deficiency reduces Af load in the AD brain. (A) Diagram illustrating the use of methoxy-XO4 in the in vivo phagocytosis assay (image
created with BioRender.com). ip, intraperitoneally. (B) Representative flow cytometry plots displaying the methoxy-X04* CD11¢™ and CD11c* microglia isolated
from 6-month-old HFD-fed TAM-treated and untreated APP-KI/Fit2"“™® mice. (C) Bar chart (with individual values shown as dots) of the percentage of methoxy-
X04* CD11¢” and CD11c* microglia isolated from TAM-treated and untreated mice. Each dot represents the result obtained from one mouse brain and n = 8 mice
per group. (D) Representative images showing anti-Ap antibody (82E1) staining of the brain tissues of TAM-treated and untreated APP-KI/Fit2*M® mice. Scale bar,
100 um. Blue outline, cortex; red outline, hippocampus. (E) Upper panel: Representative confocal images of anti-Ap (blue) and anti-Iba (red) antibody staining of
brain tissues. Scale bars, 10 pm. Lower panel: Representative confocal images of ThioS (green) and anti-lba antibody (red) staining of brain tissues. Scale bars, 10 pm.
(F) Quantification of the anti-Ap antibody-positive plaques in the cortex and hippocampus. Each dot represents the average result obtained from an individual
mouse brain with n = 5 mice per group. (G) Quantification of the ThioS-stained Ap plaques in the cortex and hippocampus. Each dot represents the average re-
sult obtained from an individual mouse brain with n = 4 to 5 mice per group. Samples were analyzed by two-way ANOVA (C) and Student’s t test [(F) and (G)].
*P < 0.05; **P < 0.01.
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LDAM impairs their phagocytic ability, we decided to target FIT2, a
key protein involved in LD biogenesis, to inhibit LD formation and
potentially restore the phagocytic function. We showed that FIT2
depletion in microglia lowered their LD loads, altered their lipidome
and transcriptome signatures, and ultimately improved their ability
to AP phagocytosis and efferocytosis of apoptotic neurons.

Recent scRNA-seq studies have identified distinct states of mi-
croglial activation in brains affected by neurogenerative disease;
some of these activation states were characterized by the enrichment
in genes involved in lipid and lipoprotein metabolism (14, 32), indi-
cating a close relationship between lipid metabolism and microglial
activation. The brain is one of the most lipid-rich organs. Brain mi-
croglia can increase their intracellular lipid content (33) by assimi-
lating lipids (e.g., myelin debris) from their environment (34). LD
accumulation in macrophages has also been documented in lipid-
rich microenvironments in the peripheral, such as atherosclerosis
plaques (5), white adipose tissue (10), and tumors (9). In our study,
a series of proteins involved in extracellular lipid uptake, such as
TREM2 and LPL (35), were highly expressed in mRNA in microglia
obtained from the AD brain. TREM2 binds to various lipid ligands,
such as APOE particles (main cholesterol carriers in the brain) and
myelin debris, to mediate lipid sensing and uptake (36). Mutations
affecting the TREM2 function impair microglial activation (37) and
reduce their ability to accumulate LDs in the AD brain (38). In ad-
dition, we demonstrated the accumulation of LDAM around Af
plaques in the AD brain. These LDAM had an elevated LD load and
overexpressed genes related to lipid metabolism. By removing Ap
aggregates via TREM2 and other phagocytic receptors (e.g., AXL),
the microglia located near A plaques provide a protective barrier
that limits plaque formation (14). A recent study demonstrated that
primary microglia undergo profound lipidome perturbations to
promote LD formation upon exposure to AP aggregates (39). More-
over, we found that genes encoding Toll-like receptors (TLRs) such
as Tlr2, which participates in AP recognition in the brains of AD
model mice (40, 41), were up-regulated in the CD11c" microglia.
Comparable innate responses induced by lipopolysaccharide have
been strongly linked to LD formation within microglia (11). In ac-
cordance, TLR2 inhibition has been shown to markedly mitigate
lipopolysaccharide-induced lipid accumulation in hepatic cells (42).
These reports further imply that AB-induced microglial activation
also contributes to LD accumulation. The inflammatory activation
of microglia triggers their metabolic reprogramming (43). Thus, in
the AD brain, chronic and AB-induced inflammation could pro-
mote a sustained metabolic shift from mitochondrial oxidative
phosphorylation to glycolysis (44), resulting in the excessive forma-
tion and accumulation of LDs within microglia. The accumulation
of LDs is associated with changes in the lipid profile, particularly an
increase in TGs and CEs. In contrast, sphingolipids, particularly
sphingosine, were found to be reduced in the diseased microglia.
These abnormal changes in sphingolipid levels have been closely
linked to neuroinflammatory disorders, as they play a crucial role in
cell signaling and are, therefore, frequently discussed as potential
therapeutic targets (45, 46).

Phagocytosis is the major mechanism contributing to Ap aggregate
clearance in the brain, with microglia serving as the main effector cells
for engulfing and degrading AP (30). However, we and others (11, 13, 39)
have observed that excessive LD accumulation within microglia led to a
decline in their phagocytic activity, potentially reducing the efficiency of
AP clearance in the AD brain. The decreased phagocytic activity also
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results in the insufficient clearance of apoptotic cells (efferocytosis) in
the brain; the release of intracellular content from dead and dying cells,
in turn, induces secondary necrosis and inflammation, which exacer-
bates disease pathology (47). Exactly how LD accumulation affects the
phagocytic capacity of macrophages remains elusive. Intracellular com-
partment interactions between LDs and lysosomes or between LDs and
mitochondria may play a role in this process. Intracellular LDs within
macrophages are transported to lysosomes for enzymatic degradation
in a process called lipophagy (48). A recent study highlighted close con-
tact between LDs and lysosomes within microglia, suggesting that, in
LDAM, lysosomes might be used for lipophagy rather than the degra-
dation of phagocytosed material (11). LD overload could also induce
lysosomal defects (49), ultimately leading to phagocytosis impairment.
Moreover, increased lipid accumulation promotes fatty acid oxidation
and ROS production, leading to mitochondrial damage (50) and phago-
cytosis inhibition (51); these defects can be mitigated by mitochondrial
transplantation (52). Furthermore, in microglia, small LDs can interfere
with structural filaments, leading to cytoskeletal dysfunction and re-
duced phagocytic activity (53).

Many studies have underscored the therapeutic importance of re-
storing microglial phagocytosis (54-56). Given the dysfunctional
phenotype observed in LDAM, we next investigated whether target-
ing FIT2, a key protein mediating LD formation, would reduce LDs
and restore microglial phagocytosis and efferocytosis in AD (I, 57).
Several studies have elucidated the significance of FIT2 in LD bio-
genesis across various cell types. For instance, in vitro FIT2 overex-
pression promoted LD accumulation in human embryonic kidney
293 cells, while FIT2 knockdown reduced TG levels and LD accumu-
lation in mouse adipocytes (58). The in vivo loss of FIT2 in adipo-
cytes and pancreatic f cells also resulted in failed LD formation
(24, 59). In our study, we found that microglia lacking FIT2 had
fewer LDs and lower TG levels, suggesting that targeting FIT2 was
sufficient to perturb LD formation within microglia. We observed
increased rates of E. coli bioparticle, AP, and apoptotic cell phagocy-
tosis in both the FIT2-deficient bulk and CD11c* microglia. This was
accompanied by the up-regulation of lysosomal and phagosomal
pathways, particularly in the FIT2-depleted CD11c" microglial sub-
set. A similar increase in AP phagocytosis was observed in microglia
treated with DGAT? inhibitors, which attenuate TG formation and
LD accumulation (39). These findings suggest that phagocytosis im-
pairment is a consequence rather than a cause of LD accumulation in
the AD brain; thus, targeting LD formation could be used to restore
phagocytic activity. In addition, the up-regulation of MHCII expres-
sion in FIT2-deficient CD11c" microglia might be related to their
elevated phagocytic activity. MHCIT® microglia exhibited higher
rates of phagocytosis than their MHCII™ counterparts in 5xFAD
mice (60). Similarly, microglia participating in AP phagocytosis ex-
pressed higher levels of MHCII-related genes (61). Our findings sug-
gest that reducing microglial LD load via FIT2 depletion or other
pharmacological interventions is a feasible therapeutic strategy for
boosting the phagocytic activity of these cells to mitigate Ap deposi-
tion in the brain. In line with this proposed strategy, reversing the
lipid-laden phenotype of tumoral macrophages has already been suc-
cessfully used to suppress the development of gastric cancer (62).

While our study reported the detrimental effects of LD accumula-
tion on microglial functionality, some recent studies have demonstrat-
ed the neuroprotective roles of LDs in other pathological processes. In
ischemic brain injury, for instance, LDs mitigate the microglial pro-
inflammatory response, decrease infarct volume, and improve their
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neurobehavioral performance (63, 64). These conflicting roles of mi-
croglial LDs may be due to variations in the type of pathology (acute
versus chronic) and the LD content. Unlike in ischemic stroke, where
the accumulation of microglial LDs is induced by an acute pro-
inflammatory microenvironment, the accumulation of LDs within
microglia reported in our study was induced by chronic inflamma-
tion. In relation to LD content, we and others have revealed the pres-
ence of more GLs in aged and diseased microglia (11), while the
macroglia encountered in ischemic stroke are characterized by high
cholesterol levels (63). Moreover, the initial neuroprotective effect of
LDs after injury may gradually become detrimental over time (13).
Therefore, understanding the impact of LD accumulation on the mac-
rophage function and overall brain health is crucial when designing
therapeutic strategies for AD and other neurodegenerative diseases.

The contribution of BAMs to the development of neurodegenera-
tive and neuroinflammatory diseases such as AD is still widely debat-
ed but becoming increasingly recognized (21, 22). Depletion of brain
and leptomeningeal BAMs in 5xFAD mice has been shown to com-
promise the glymphatic function and increase AP burden in the brain
(23), suggesting a protective role of BAMs in maintaining brain func-
tions induced by Ap accumulation and deposition. However, as aging
progresses and amyloidosis and/or tauopathy worsen, BAMs may
adopt harmful activation profiles that exacerbate microglial overacti-
vation, contributing to excessive synaptic pruning and neuronal dys-
function (65). Here, we conducted a pioneering investigation into the
lipid-accumulating capacity of BAM:s in the context of AD. We dem-
onstrated that CD206" BAMs had a pronounced lipid-related tran-
scriptomic signature and displayed several lipid-accumulating
phenotypes. Given their specific spatial location at the interface be-
tween the periphery nervous system and the central nervous system,
BAMs may facilitate the storage and transportation of lipids across
these regions, contributing to lipid homeostasis in the brain and influ-
encing cellular metabolism within the central nervous system. In situ
LipidSpot staining showed that the CD206* BAMs located in the dura
mater and subdural meninges of the brain were also capable of accu-
mulating LDs. The dura mater is considered the epicenter of immune
surveillance in the brain, where macrophages present antigens to T
cells to induce immune responses (66). Excessive LD accumulation
within macrophages has been reported to weaken their antigen-
presenting activity (43), which could result in the dysregulation of
brain homeostasis. In addition, BAMs control the neurovasculature,
for instance, by mediating arterial motion and driving the flow of ce-
rebrospinal fluid (23). LD accumulation in macrophages can elevate
their ROS production (9, 11), promoting neurovascular dysfunction
(67). Moreover, the LD-mediated impairment of BAM phagocytosis
may also lead to insufficient waste clearance at the brain interface and
in the perivascular space, causing the excessive deposition of debris,
such as AP (68, 69). In our study, FIT2 depletion effectively impaired
LD formation in BAMs and increased their phagocytic activity, sug-
gesting that LD formation/accumulation could be targeted to regulate
the functions of BAMs in addition to those of microglia.

Certain limitations to our work will be the focus of future re-
search. First, while we demonstrated that FIT2-deficient microglia
exhibited reduced LD content, they were not entirely devoid of LDs.
Since FIT2 is primarily involved in TG-mediated LD development
(58), sterol esters might still contribute to LD formation without this
FIT isoform. This may explain why CE levels were not markedly af-
fected in the FIT2-deficient microglia. Second, although the APP-KI
mouse model can offer some advantages over the transgenic mouse
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models that overexpress APP protein, they appeared to display a
relatively mild behavioral phenotype (70) than other transgenic
mouse models, which makes it challenging to assess the significance
of this microglial functional restoration in the behavior of APP-KI
mice. Third, our study demonstrated that the augmented microglial
phagocytosis significantly reduced AP in the brain tissue. However,
whether Ap accumulation is involved in AD progression and cogni-
tive decline is still under intense debate (71, 72) since other factors,
such as hyperphosphorylated tau protein (71, 72), brain inflamma-
tion (73), and other yet-to-be-identified mechanisms, can contrib-
ute to the initiation and disease development. Therefore, it will be
important to explore whether targeting LD load in microglia could
also reduce tau deposition or address other misfolded proteins in
the brain. Last, our data suggest that LD is a promising target for
rewiring microglia phagocytic and efferocytic abilities. Yet, addi-
tional studies are needed to determine effective pharmacological
interventions targeting LD metabolism and their implications in
clinical studies.

In summary, our study underscores the potential of FIT2 deple-
tion in reducing LD accumulation within both microglia and CD206*
BAMs to improve their phagocytic activity in the AD brain. Our find-
ings suggest that strategies aimed at reducing microglial/macrophage
LD load hold promise in rewiring their functionality and bolstering
their resilience in the context of neurogenerative disorders.

MATERIALS AND METHODS

Experimental design

The primary objective of this study was to investigate the formation
of LD-loaded brain macrophages and their implications in the AD
mouse model. To this aim, we conducted a comprehensive analysis of
LD content within microglia and BAMs obtained from mice under
diverse conditions, including various ages, disease states, and dietary
interventions. In addition, we used CX3CR1" macrophage-specific
FIT2-deficient mice to explore the characteristics of brain macro-
phages with reduced LD content in the context of AD. We used lipi-
domic and scRNA-seq to determine the changes in the lipidome and
transcriptome of microglia with FIT2 deficiency. Furthermore, we
conducted in vitro and in vivo assays to assess the functional conse-
quence of reduced LD content in microglia. Specifically, we evaluate
microglial capacity for A and apoptotic neuron cell clearance.

In the experimental design, animals were randomized into dif-
ferent treatment groups to minimize bias; investigators were not
blind to the treatment group, and no values were excluded from the
analysis. Each experiment, except scRNA-seq and lipidomic analy-
ses, was repeated at least three times to ensure the reliability of the
results. The sample sizes for each experiment are indicated in the
figure legend.

Mice

The AppNL’G’F (APP-KI) mouse model is a knockin mouse line coex-
pressing the Swedish (KM670/671 NL), Beyreuther/Iberian [/Iberian
(I716F)], and Arctic (E693G) mutations, effectively mimicking AD-
associated pathologies such as amyloid plaques, synaptic loss, and
microgliosis (74). The inducible Fit2"*® mouse strain was generated
by crossing with floxed Fit2 (FitZﬂ/ﬂ) mice (24) expressing TAM-
inducible Cre-recombinase under the control of the Cx3cr1 promoter
(Cx3cr1“**R2) | The inducible Fit2*M® mouse strain was subse-
quently bred with APP-KI mice, leading to the generation of a new
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mouse line named APP-KI/Fit2®™® Some experiments were per-
formed with Fit2"""" Cx3cr1““¥*T2APP-KI mice to exclude any side
effects of TAM. All mice included in this study were specifically
males, ensuring a standardized and controlled experimental environ-
ment. All mice were bred and maintained in a specific pathogen—free
animal facility at Nanyang Technological University (Singapore). All
animal studies were carried out according to the recommendations of
the National Advisory Committee for Laboratory Animal Research,
and the A19093 protocol was approved by the Institutional Animal
Care and Use Committee of the Nanyang Technological University.

TAM-inducible FIT2 depletion in CX3CR1" cells .

To induce Fif2 de;fletion in CX3CR1" cells, the inducible Fit2"*M®
and APP-KI/Fit2*™® mouse lines were treated with 4 mg of TAM
(dissolved in corn oil) per day for four consecutive days via gavage at
2 months of age. Control age-matched Fit2"*™? and APP-KI/Fit2"*®
mice were not subjected to TAM treatment.

Isolation of microglia from the brain parenchyma

Microglia were isolated as previously described (75). Briefly, mice
were decapitated, and their brains were harvested and digested in
Iscove’s modified Dulbeccos medium (IMDM) containing 2% fetal
bovine serum (FBS), deoxyribonuclease I (Roche, Basel, Switzerland),
collagenase D (Roche), and dispase II (Gibco, US). The tissues
were then crushed and homogenized using a syringe before being
filtered through a cell strainer. Myelin debris and red blood cell con-
tamination were removed on a Percoll (Cytiva, Sweden) gradient
and 0.89% NH,Cl lysis buffer. Last, the cell suspension was collected
for further processing.

Flow cytometry and cell sorting

After obtaining a single-cell suspension, the cells were preincubated
with anti-Fc receptor antibody (10 pg/ml; clone 2.4G2) on ice for
20 min. Subsequently, the cells were stained with distinct panels of
antibodies (also 20 min on ice) diluted in phosphate-buffered saline
(PBS) with 2% FBS. After a washing step, the cells were stained with
4',6-diamidino-2-phenylindole (DAPI; 1:1000, Thermo Fisher Sci-
entific, Waltham, MA) to exclude dead cells. Last, the cells were
washed and resuspended in PBS with 2% FBS for acquisition on a
BD Symphony A5.2 flow cytometer or for sorting on a BD FACS
Aria cell sorter. Data were analyzed using Flow]Jo software (TreeStar,
Ashland, OR). The following antibodies were used for flow cytome-
try: anti-CD45 (RRID:AB_2873123, BD Biosciences), anti-CD11b
(RRID:AB_830642, BioLegend), anti-Ly6C (RRID:AB_2562617,
BioLegend), anti-Ly6G (RRID:AB_1236494, BD Biosciences), anti-
F4/80 (RRID:AB_893490, BioLegend), anti-CD11c (RRID:AB_25
65268, BioLegend), anti-P2RY12 (RRID:AB_2721469, BioLegend),
anti-I-A/I-E (RRID:AB_2734168, BioLegend), and anti-CD206
(RRID:AB_2629637, BioLegend).

Cytospinning and LD staining
Sorted cells were resuspended in PBS with 2% FBS at 100,000 cells per
100 pl. The cell suspension (100 pl) was subsequently transferred to a
cytofunnel and centrifuged at 300¢ for 3 min onto a cytospin slide.
After 2 hours of air-drying at room temperature, cells were fixed with
4% paraformaldehyde (PFA) for 15 min at room temperature.

Two different LD staining procedures were used: BODIPY (Invi-
trogen, US) was diluted in PBS to a final concentration of 5 pg/ml,
while LipidSpot 610 (Biotium, US) was diluted in PBS at a ratio of
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1:1000. Subsequently, cells were incubated with either BODIPY or
LipidSpot 610 at 37°C for 20 min and then washed three times with
1Xx PBS. Last, the slides were mounted using a fluorescent mounting
medium (Dako, Denmark) containing DAPI. High-resolution im-
ages of the stained slide were captured by a Zeiss confocal micro-
scope. The percentage of LD* cells was calculated manually. The LD
load per cell was measured using Image] by selecting Analyze >
Analyze Particles to evaluate the LD area within each cell.

Perfusion and tissue preparation for

immunofluorescence staining

Mice were perfused with 20 ml of 1x PBS before having their brains
extracted and postfixed with 4% PFA at 4°C for 24 hours. The tissues
were then transferred to a 15% sucrose solution for 24 hours before
being immersed in a 30% sucrose solution for an additional 24 hours.
After this process, the brains were embedded in the Optimal
Cutting Temperature compound (Sakura Finetek, US). Coronal sec-
tions (30 pm) were then obtained using a Leica cryostat and were
preserved in a cryoprotectant solution (0.1 M phosphate buffer,
glycerol, and ethylene glycol at 2:1:1 by volume) at —20°C.

To prepare the dura mater for tissue analysis, the dorsal part of
the skull was removed, and the dura mater was carefully peeled off
from the skull cap and placed in 2% FBS IMDM. The subdural me-
ninges were then microdissected and placed in ice-cold 2% FBS
IMDM. The isolated tissues were postfixed with 4% PFA at 4°C for
1 h, washed three times with 1X PBS, and subjected to immunofluo-
rescence staining.

Immunofluorescence staining

Free-floating brain sections, dura mater, and subdural meninges
were washed three times with 1X PBS and then incubated with 5%
bovine serum albumin (BSA) for 1 hour. The sections were then
stained with primary antibodies (diluted in 5% BSA) at 4°C over-
night. Next, the sections were washed three times with 1x PBS and
stained with the correspondent secondary antibodies (diluted in 5%
BSA). The stained sections were then mounted onto microscope
slides, embedded using fluorescent mounting medium (Dako) con-
taining DAPI, and analyzed using a confocal fluorescent microscope
(Zeiss). Detailed microscopy image acquisition settings were indi-
cated in the figure legend. Last, the images were processed using
Zen and Image] software. The following primary and secondary an-
tibodies were used for immunofluorescence staining: anti-Iba-1
(RRID:AB_839504, Fujifilm Wako Shibayagi), anti-CD206 (RRID:
AB_10917384, BioLegend), anti-82E1 (RRID:AB_10707424, IBL),
anti-Rabbit IgG (RRID:AB_2563202, BioLegend), anti-Rabbit IgG
(RRID:AB_2563306, BioLegend), anti-Mouse IgG (RRID:AB_1069
6420, BioLegend), streptavidin (RRID:AB_10053373, BD Biosci-
ences), and streptavidin (RRID:AB_10054235, BD Biosciences).

To detect LDs within the tissue sections, antibody-stained, free-
floating brain sections were incubated with LipidSpot 610 (1:1000)
for 20 min at 37°C and then washed three times with 1X PBS. Sections
were then mounted onto microscope slides and embedded using a
fluorescent mounting medium (Dako) containing DAPL

Ap oligomerization

AP oligomerization was conducted as previously described (5I).
Briefly, fluorescently labeled Ap peptides (AP 1 to 42, AnaSpec, AS-
64161) were dissolved in a 1% NH4OH solution (40 pl for 0.5 mg of
peptide) and then diluted with 1x PBS to a final concentration of
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1 mg/ml. For oligomerization, the peptides were further diluted
with phenol-free DMEM, then sonicated, incubated at 37°C for
2 hours, followed by incubation at 4°C for 24 hours, and centrifuged
at 5000¢ for 50 min before use.

In vitro phagocytosis assay

Microglia and BAMs were isolated, washed, and resuspended in 200 pl
of imaging medium containing phenol red-free DMEM supple-
mented with 10% FBS. These cells were then seeded into p-slide
eight-well chambers (ibidi, Germany) at 10° cells per chamber and
incubated for 30 min at 5% CO; and 37°C. Either pHrodo-
conjugated E. coli bioparticles (100 pg/ml, Thermo Fisher Scientific,
US) or AP oligomers (1 pM) were added to each chamber, ensuring
even dispersion of the particles. The chambers were incubated at
37°C for 90 min. As a control to evaluate AP binding to the cell sur-
face without phagocytic internalization, cells were incubated with
AP oligomers at 4°C. After two washes, the cells were either collect-
ed for flow cytometry analysis or directly observed under a confocal
microscope (Zeiss).

In vivo phagocytosis assay

Mice received an intraperitoneal injection of methoxy-XO4
(Abmole, US) at a dosage of 8 mg/kg 3 hours before brain harvesting.
Subsequently, the mice were euthanized and perfused with 20 ml of
1x PBS. Cells were isolated, and analysis by flow cytometry included
an additional methoxy-XO4 gating step.

Efferocytosis assay

N2A cells were seeded into six-well plates. Upon reaching ~80%
confluence, the cells were incubated with 5-chloromethylfluorescein
diacetate (CellTracker Green CMFDA dye, Invitrogen, US) diluted
in serum-free DMEM to a 1 puM final concentration for 20 min at
37°C, followed by two washes with 1x PBS. Subsequently, cells were
cultured with fresh complete medium containing 1 mM H,0O, for
20 hours to induce cell apoptosis. One day later, ~10° microglia isolated
from the mouse brain were seeded in a 24-well plate and left to rest
at 37°C for 30 min. The cells were then incubated with CMFDA-
labeled apoptotic cells at a ratio of 1:5 (microglia:N2A cells) at 37 or
4°C, respectively, for 2 hours. Microglia were then collected and
analyzed by flow cytometry for evidence of CMFDA-labeled N2A
cell internalization.

RNA isolation and cDNA preparation

Total RNA was isolated from flow cytometry-sorted cells using the
PicoPure RNA Isolation Kit (Thermo Fisher Scientific, US). The
Ovation Pico WTA System V2 kit (Tecan, Switzerland) was used to
prepare amplified cDNA from the total RNA. All procedures were
performed according to the manufacturers’ protocols.

Quantitative polymerase chain reaction (qPCR)

All gPCR reactions were run in duplicate with at least three samples
in each group. p-Actin was used as the housekeeping gene. The
threshold cycle (C,) values of all the genes were normalized to the C;
value of B-actin. Gene expression fold changes between different
groups were calculated using the 27*4“" method. The following
primers were used for qPCR: Fit2-forward: CACGACTTGACCC-
AGAAAGTG; Fit2-reverse: GGAGGAAGTCCTGGAGAGAAA; B-
actin-forward: AAGGCCAACCGTGAAAAGAT; p-actin-reverse: C-
CTGTGGTACGACCAGAGGCATACA; Ccl2-forward: CACTCAC-
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CTGCTGCTACTCA; Ccl2-reverse: GCTTGGTGACAAAAACTA-
CAGC; Ccl4-forward: ACCCTCCCACTTCCTGCTGTTT; Ccl4-
reverse: CIGTCTGCCTCTTTTGGTCAGG; Tnfa-forward: TGGA-
GCAACATGTGGAACTG; Tnfa-reverse: GTCAGCAGCCGGTTA-
CCA; Il6-forward: CTCTGGGAAATCGTGGAAAT; Ii6-reverse: C-
CAGTTTGGTAGCATCCATG; Lpini-forward: TAAACGGAGCC-
GACACCTTGGA; Lpinl-reverse: CCGTTGTCACTGGCTTGTT-
TGG; Dgatl1-forward: GGTTCCGTGTTTGCTCTGGCAT; Dgat1-
reverse: CCACTGACCTTCTTCCCTGTAG; Dgat2-forward: CTG-
TGCTCTACTTCACCTGGCT; Dgat2-reverse: CTGGATGGGAAA-
GTAGTCTCGG;Il1a-forward: ACGGCTGAGTTTCAGTGAGAC-
C; Il1a-reverse: CACTCTGGTAGGTGTAAGGTGC; I11b-forward:
GGGCCTCAAAGGAAAGAATG; Illb-reverse: TTCTTCTTTGGG-
TATTGCTTGG.

Sample preparation for lipidomic analysis

Sorted microglia (2 x 10 cells) obtained from two to three pooled
mouse brains were divided into two equal portions. The first half of
the cells was treated with precooled methanol (MeOH) containing
mixed internal standards of lipids and then with precooled methyl
tert-butyl ether. After a centrifugation step, the supernatant was des-
iccated and reconstituted in dichloromethane/MeOH (1:1) for liq-
uid chromatography-mass spectrometry (LC-MS) analysis (C18
and hydrophilic interaction liquid chromatography columns). The
second half of the cells was treated with a precooled mixture of wa-
ter and isopropyl alcohol (IPA) containing mixed internal stan-
dards. After a centrifugation step, the supernatant was desiccated
and reconstituted in dichloromethane/MeOH (1:1) with 0.1% for-
mic acid for LC-MS analysis (EC C18 column). Quality control
samples were prepared by pooling aliquots of all samples. The six
quality control samples were analyzed alongside the test samples in
each batch to ensure the reliability of the method and the stability of
the instrument.

LC-MS analysis

The samples were analyzed on a quadrupole ion-trap-ABSciex
QTRAP 6500 (SCIEX, Framingham, MA) mass spectrometer with
an electrospray ionization source using the multiple reaction moni-
toring mode in both positive and negative settings. The instrument
was also equipped with a liquid chromatography system (Agilent
1290 Infinity II). The following mass spectrometry parameters were
used: The curtain gas value was set at 0.2755 MPa, the collision gas
was set to medium, the ionspray voltage was +4500 V and the source
temperature was at 350°C, the pressure for nebulization gas and dry-
ing gas were both set to 0.3792 MPa, the entrance potential was +10 'V,
and the collision cell exit was 10 V. The methyl tert-butyl ether
extract was separated using the Phenomenex Kinetex C18 column
(2.1 by 100 mm, 2.6 pm) (stream 2) and the Waters BEH HILIC
column (2.1 by 100 mm, 1.7 pm) (stream 1) at 45°C. The mobile
phase for stream 1 was composed of (A1) water/acetonitrile (5:95,
v/v) with 10 mM ammonium acetate and (B1) water/acetonitrile
(1:1, v/v) with 10 mM ammonium acetate and 0.01% ammonia-
water (28%). The mobile phase for stream 2 was composed of (A2)
water/acetonitrile/MeOH (1:1:1, v/v/v) with 7 mM ammonium ac-
etate and (B2) IPA with 7 mM ammonium acetate. The IPA extract
was separated using the Agilent Zorbax Eclipse Plus C18 column
(2.1 by 100 mm, 1.8 pm) at 50°C with the mobile phase composed of
(A) water/acetonitrile/MeOH (1:1:1, v/v/v) with 0.1% formic acid
and 1 mM ammonium acetate and (B) IPA/acetonitrile (90:10, v/v)
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with 0.05% formic acid and 10 mM ammonium acetate. Raw peak
areas for the lipid species detected were integrated using SCIEX OS
software (version 1.4, AB Sciex Corporation, Framingham, MA)
and normalized to the internal standard for each lipid class. All sam-
ples were analyzed at random.

Single-cell RNA sequencing (scRNA-seq)

Sorted brain macrophages (90% microglia and 10% BAMs) were
processed for scRNA-seq analysis. FASTQ files were obtained for 16
samples, comprising four animals from each of the following four
experimental groups: FIT2-WT (6-month-old), FIT2-deficient
(6-month-old), APP-KI/FIT2-WT (6-month-old), and APP-KI/
FIT2-deficient (6-month-old). All four mouse groups were treated
with HFD. 10x Genomics Cell Ranger (version 7.0.0) (76) with the
chemistry “Single Cell 3’ v3” setting was used to align the reads to
the GRCm38 mm10-2020-A mouse genome and generate gene
counts. Subsequently, the Seurat (version 4.3.0.1) R (version 4.2.1)
package was used to analyze gene expression levels (77-79). Cells
with gene counts above the 99th percentile or with unique genes
below the first percentile are more likely to be dead cells or doublets,
respectively, and were therefore excluded from further analysis (80).
Cell clusters were identified using a shared nearest-neighbor algo-
rithm via the FindClusters utility (variable genes, 2000; resolution,
0.35; all other parameters as default). The RunUMAP utility (all pa-
rameters as default) was used to perform UMAP for cell clustering
visualization. Relative gene expression levels between clusters were
computed using the FindAllMarkers utility (log.fc threshold = 0;
min.pct = 1 X 107%; return.threshold = 1; all other parameters as
default), which compares the average gene expression in cells inside
a cluster to the average gene expression in all cells outside that clus-
ter. The gene expression levels were ranked in reverse Bonferroni-
adjusted P value order.

Statistics

Statistical analyses were performed using GraphPad Prism 9.0.1
software. All values were expressed as the means + standard devia-
tion, unless otherwise stated. Student’s ¢ test (two-tailed) was used to
determine the significance between the two groups. Comparisons
between more than two groups were analyzed by the one-way analy-
sis of variance (ANOVA) or two-way ANOVA. A P value <0.05 was
considered as a measure of statistical significance, with the different
significance levels denoted as follows: *P < 0.05; **P < 0.01;
kP < 0.001; ¥***P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1to S9
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